The first study on the crystal and molecular structures o f basic forms of 6w(amidinohydrazones) is reported. The structures of the free base and the monohydrochlor ide salt of the antileukemic agent glyoxal Z?w(amidinohydrazone) (GBG) were determined by single crystal X-ray diffraction and were refined to /^-values of 0.038 and 0.040, respectively. These structures are of special interest because recent results indicate that, in contrast to previous assumptions, the free base may be the actual antileukemic form of 6/s(amidinohydrazones) and that the monocation form is the predominant species o f antileu kemic 6w(amidinohydrazones) at physiological conditions. In the crystals o f the free base as well as in those of the monohydrochloride salt, GBG was found to exist solely in the all-trans configuration of the chain and to consist of one of the three possible geometrical isomers only. 
Introduction
Glyoxal Z>w(amidinohydrazone) (GBG) and methylglyoxal ^/^(amidinohydrazone) (M GBG) are powerful antileukemic and antiproliferative agents [1] [2] [3] [4] [5] [6] [7] . Since the discovery [1] of their bio logical activity in 1958, a great number of deriva tives were screened for antitum or activity (for re ferences, see [2] [3] [4] [5] [6] ). It was found that even m inor structural modifications resulted in the loss o f ac tivity, e.g. the Z>/s(amidinohydrazones) of dialkyl-glyoxals and higher alkylglyoxals being totally de void o f activity [4 -6 ,8 ,9 ] . In spite of intensive biochemical and pharmacological studies, neither the mechanism of action o f GBG and M GBG nor the reasons for the strict structural requirements are known.
In order to explain the biological differences be tween the various congeners we initiated studies on their chemistry in the hope of finding possible cor relations between their biological and chemical properties [6, [10] [11] [12] [13] [14] [15] [16] [17] . We have found [6, 10] that the pK a values o f G B G and M GBG are considera bly lower than those o f their non-antiproliferative dialkylglyoxal and higher alkylglyoxal analogues. According to our results, considerable proportions of GBG (ca. 10%) and M GBG (ca. 4% ) exist in the free base form at physiological temperature (37 °C) and pH (7.4) , while the non-antiprolifera-tive analogues exist almost exclusively in the mono-and dication forms, the proportion o f the free base being ca. 0.5% or less. These data suggest that the free bases might be the actual antiprolifer ative species. Further, GBG and M G BG exist at physiological conditions predom inantly in the m onocation form (ca. 69 and 57%, respectively) and not in the dication form as has been generally assumed. Considerable proportions (more than 20%) of the non-antiproliferative analogues also exist in the m onocation form [6, 10] . Thus, also this form must be taken into account as a possible bio logically active species.
Although the crystal and m olecular structures of divalent salts (sulfates and dihydrochlorides) of several bis(amidinohydrazones) have been report ed [6, 9, [18] [19] [20] [21] [22] , nothing has been known about the actual tautom eric forms of the free bases or of the monocations (i.e., m onovalent salts) in the sol id state. Therefore, we now report the crystal and molecular structures of the free base and of the monohydrochloride m onohydrate o f GBG, and show that in the solid state the free base exists in the form of the endiamine tautom er and not in the 'classical' carboximidamide form. On the basis of N M R evidence, we also show that GBG free base consists of the endiamine tautom er also in dime thyl sulfoxide solution.
M aterials and Methods

Synthesis o f GBG free base
GBG nitrate was prepared and converted to the free base essentially as described by Thiele and Dralle [23] , The pale yellow crystalline product was dissolved in nearly-boiling water (ca. 1.5 g /100 ml), and the solution was allowed to slowly cool down in a beaker immersed in hot water in a D e war flask resulting in hard, transparent yellowish crystals.
Synthesis o f GBG monohydrochloride monohydrate
A small am ount of red needle-like crystals were obtained during an attem pted preparation o f a nickel(II) complex of GBG. X-ray structure deter mination indicated that they consisted of the m o nohydrochloride salt of GBG. 
Crystal data
Crystallographic measurements
Crystals of dimensions 0.45x0.4x0.4 mm and 0.3x0.15x0.45 mm, respectively, were sealed in capillary tubes and used for X-ray measurements. Crystal data were measured at room temperature (291 K) on a Nicolet P 2 ,/F single-crystal diffrac tom eter using graphite monochromatized M oK a radiation (A = 0.71069Ä). The cell parameters were determined by least-squares treatment of the adjusted angular settings of 24 reflections (9°< 2 0 < 2 4 .5°) for the free base and 22 reflec tions (9° < 2 9 < 24.5°) for the monohydrochloride. The intensity measurements were carried out at room tem perature by the co-29 scan technique. The scan rate varied from 2.0 to 29.3° m in-1 de pending on the number o f counts measured in a fast preliminary scan. In the case of the free base, a set of 1000 unique reflections was obtained from 1115 reflections measured over the range 3°< 2 # < 5 5°. 799 reflections with I0>3«r(I0) were considered as observed and used for refinement. For the monohydrochloride, a set of 1986 reflec tions were measured over the range 3°< 2 # < 5 0° resulting in 1234 unique reflections, of which 996 were considered as observed (I0> 3er(I0)). Three standard reflections measured every 50 reflections showed the intensity variation to be random and within 1% with respect to the mean. The intensi ties were corrected for Lorentz, polarization and extinction effects, but corrections for absorption were considered unnecessary. The densities were m easured by flotation in toluene-CCl4.
The structures were solved by direct methods. Suc cessive calculations and full-matrix least-squares re finement with non-hydrogen atoms anisotropic and hydrogen atom s isotropic led to R = 0.038 and Rw = 0.046 (R W =\Lw(| F 0| -| Fc|)2/Xw| F0 \Y' 2 with w = l/(e r|F 0|)2) for the free base and R = 0.040 and R w = 0.036 for the monohydrochloride. After the last cycle, s / J av = 0.004 and s/zlmax = 0.033 for the free base and s / J av = 0.08 and s/zfmax = -0.485 for the monohydrochloride. In the case of the free base, the final difference map was essentially fea tureless; the maximum peak was +0.06 eÄ"3 and the minimum -0 .0 9 eÄ"3. In the case of the m o nohydrochloride, the maximum peak was +0.25 eÄ-3 and the minimum -0.07 eÄ-3. Scattering fac tors were from Cromer and M ann [24] and the an om alous dispersion corrections were applied [25] , All calculations were carried out on a VAX 8600 com puter using the programs SHELXS-86 [26] and SHELX-76 [27] and, for planes, the program M PLN [28] .
N M R measurements
Fourier transform 'H N M R spectra were meas ured using a 199.5 M Hz (4.7 T) JEOL FX-200 FT N M R spectrometer. The measurements were car ried out at room tem perature (ca. 21.5 °C) in ro tat ed tubes with a diameter of 5 mm.
Results and Discussion
Description o f the structures
The structural formula of GBG is shown in Fig. 1 . O R TEP [29] drawings of GBG free base and o f the monocation, together with the num ber ing scheme, are shown in Fig. 2 . The packing of the molecules of the free base is shown in Fig. 3 and that of the ions of the monohydrochloride in Fig. 4 . The atomic parameters for the free base are listed in Table I , interatomic distances and angles in Table II and intermolecular distances in  Table III . The corresponding data of the m ono hydrochloride salt are given in Tables IV, V and VI, respectively. Ueq = (1/3)? ?C/ija i*aj*<?j-<?j.
Molecular structures, packing and hydrogen-bond system. Isomerism and tautomerism
The results of the X-ray studies indicate that GBG free base and monohydrochloride have in the solid state the same conform ation (all-trans) as has been reported for GBG dihydrochloride [20] and for the dications of several related com pounds [9, 18, 19, 21, 22] . Only one of the three possible geometrical isomers was present in the crystals, namely the one that was previously found to con stitute the crystals of GBG dihydrochloride [20] as well as the crystals of all other monoalkylglyoxal and dialkylglyoxal bis(amidinohydrazones) whose structures have so far been reported [9, 18, 19, 21, 22] , (The only exception to this rule so far detected is constituted by the anomalous halogenated analogue 2946 (7) 9935 (2) 3735 (6) 30 (2) N 5 2569 (5) 10115 (1) 2180 (4) 29 (2) N 6 3185 (6) 10696 (1) 1570 (5) 31 (2) C4 2828 (6) 10834 (2) -110 (6) 26 (2) N 7 2060 (6) 10455 (2) -1084(6) 39(3) N 8 3299 (7) 11388 (2) -884(6) 40(3) C ll 1700 (2) 7635 (1) 3297 (2) 38(1) O l 2221 (7) 11396 (2) 5422 (6) 50(3) HI 32 (7) 765 (2) 837 (6) 42 (14) H2 113 (7) 760 (2) 1003 (7) 72 (17) H 3 370 (7) 895 (2) 896 (6) 64 (14) H4 282 (7) 839 (2) 1050 (7) 57 (16) H 5 161 (7) 832 (2) 578 (6) 251 (8) 1127 (2) 430 (7) 58 (20) * £^ = ( 1 / 3 ) ? ?^*^-^.
trifluoromethylglyoxal bis(amidinohydrazone) [30] ). In contrast to w hat has been classically [23] as sumed, the X-ray study clearly indicated that, at least in the solid state, GBG free base consists of the endiamine tautom er (I) instead o f the 'classi cal' carboximidamide tautom er (II) (see Fig. 1 ).
The non-protonated half of the m onocation was likewise found to exist in the form o f the endi amine tautom er. The bond lengths and angles of the free base and those o f the m onocation form do not much deviate from those o f the corresponding values o f the dica tion form o f GBG [20] , indicating that p rotona tion does not m uch affect the structural param e ters. Also, the conform ation o f the molecule is es sentially the same in all three cases. D eprotonation of the cationic forms, however, affects the planari ty of the molecule. Thus, in the free base the N 4 nitrogen is as much as 0.160 (1) tance between the means planes of the molecules or the m onocations is approxim ately 3.5 Ä. The molecules in the crystals are held together by very extensive hydrogen bond networks and by the in teraction o f delocalized 7z>electrons (see Table III ). The crystals o f the m onohydrochloride salt con tain one molecule of crystal water per each GBG m onocation.
N M R measurements
In order to get inform ation on the isomerism and tautom erism of GBG free base in solution, we 7.75 (measured against an internal dioxane stand ard, the resonance of which was given a value of S = 3.7). This peak must be due to the aldimin pro tons o f GBG. The presence o f only one peak strongly suggests that only one o f the possible iso mers (syn-syn, syn-anti and anti-anti) of GBG was present in the D 20 solution, since it is known that in many kinds o f Schiff s base type derivatives (III) o f aliphatic aldehydes (see Fig. 5) , the -C H = Nprotons syn to the group Z always resonate ca. 0.2 5 -1 .0 ppm downfield from the corresponding anti protons [31] . In those few cases where the spe cific synthesis o f the syn and anti isomers of an am idinohydrazone has been reported, a similar phenom enon has been observed [32, 33] . An alter native explanation for the presence of only one sharp singlet in the spectrum of GBG would be a rapid isomerization but this seems very improba-
